Abstract One of the fundamental questions that must be addressed in the effective design and operation of pipeline lubrication of heavy oil is; ''how much time will be needed to restart a blocked core annular flow (CAF) line after shutdown due to fouling or pump failures'', if the pipe is to be cleaned using water only. In this work, laboratory results of shutdown and restart experiments of high-viscous oil conducted in a 5.5-m-long PVC horizontal pipe with internal diameter of 26 mm are first presented. A new correlation for the prediction of the restart time of a shutdown core annular flow line is then formulated. The predictive capabilities of the correlation are checked against measured restart time and pressure drop evolution data. Somewhat high but still reasonable predictions are obtained. The restart time correlation, together with the associated correlations formulated as well, can be of practical importance during the engineering design of highviscous oil pipeline transportation facility for predicting restart process.
Introduction
The world's oil resources are majorly heavy and extra heavy viscous hydrocarbons; they make about 70 % of the world's total oil resources of 9-13 trillion barrels. Considering the enormous world energy demand and the continuous decline of conventional oils, heavy oil promises to play a greater role in the future of the oil industry. Many countries are moving now to increase production, test new technologies and invest in pipeline facilities to ensure that these resources are being produced, transported and processed. Due to their very high viscosity, heavy crude oils cannot be transported with conventional pipelines and thus require additional treatments. Research articles by Saniere et al. 2004 , Ghosh et al. 2008 , Adewusi and Ogunsola 1993 , Ngan et al. 2007 show that various methods, as presented in Fig. 1 , of reducing the pressure drop have been studied; these include thermal method, addition of diluent, chemical and water assist. Of these, water assist flow (WAF), or core annular flow (CAF) as it is commonly called, seems to be the most environmentally friendly approach. The operation of oil production or transportation line in the core flow mode consists in injecting small amounts of water to create a lubrication layer around the viscous oil and avoid oil-wall contact. The resulting annular flow pattern reduces drastically the friction pressure gradient, allowing the oil to be pumped up to the surface at a flow rate similar to single-phase water flow (Vanegas and Jose 1999) . However, there are some fundamental questions that must be addressed in the effective design and operation of pipeline lubrication of heavy oil as pointed out by Oliemans and Ooms (1986) and Strazza and Poesio (2012) : ''What is the velocity range for the co-injection of the oil and water into the pipeline?'', ''What pressure gradient has to be applied in order to restart the core annular?'' and ''What is the restart time needed after shut down? '' Since the first successful recorded large-scale industrial pipeline lubrication of heavy oil, several studies have been dedicated to the CAF science and technology. A good number of experimental and theoretical studies have been carried out, models formulated to describe the flow pattern, and the specific range of velocity where this interesting flow regime is stable (Joseph et al. 1997) . The pressure drop reduction for this flow regime has also been pointed out (Joseph et al. 1997; Brauner 2004; Bensakhria et al. 2004; Peysson et al. 2005) . Stability of CAF has also been studied showing the interface between the annulus and the core (see Joseph and Rennardy 1993) . The long-term stability of this technique requires minimization of fouling (i.e. oil adhesion) of the pipe wall, which causes a reduction in the useful diameter of the pipe (Ramos and Antonio 2001) .
With the vast studies on CAF, only very little attention has been paid to answering the questions pertaining to shutdown and restart of a CAF line.
For transportation of large volumes of heavy crude oil, pipeline is known to be the most economic and feasible means. For efficient operation of a CAF line, it is expedient to maintain an uninterrupted steady and continuous flow. However, due to shutdown which may occur as a result of operational or emergency reasons, the CAF regime cannot be maintained. The water settles down on the bottom of the pipe while the oil floats to the upper part stratifying the flow pattern due to difference in density. Even after the initiation of a CAF, there are mechanisms that may be responsible for the transition back to a stratified flow, e.g. the fouling of the pipe wall; as this continues to prevail, a layer of oil grows at the wall reducing the internal diameter of the pipe and eventually blocks the line. A high pressure drop will occur. This has been experienced in the San Tomé 1-km test loop (see Fig. 2 as reported by Arney et al. 1996) . The pressure drop increases from 25 to 175 psi. Arney et al. (1996) investigated the fouling mechanism on various pipe materials and reported that the steel normally used for oil pipeline transportation is highly susceptible to fouling because of its lipophilic nature. Fouling can be reduced by acting on the oil chemical properties as reported by Santos dos et al. (2006) and also through the modification or treating of the pipe surfaces (Silva da et al. 2006 ). Even when additives or pipe surface treatment are adopted, fouling may occur causing huge economical loss if not properly dealt with. Pigging operation offers a solution to solve fouling problems; however, quantification of its effectiveness is impossible.
Shutdown and restart studies of CAF
A simpler approach for solving and studying the restart is the method suggested by Zagustin et al. 1988 , where water is used to completely clean up the pipe. The main advantage is the possibility to estimate the effectiveness of the procedure and the influence of parameters. When this approach is adopted, the pressure drop evolution shows a particular relationship with time; this relationship has been described as exponential by Arney et al. (1996) , Barbosa et al. (2005) , Poesio and Strazza (2007) , and Strazza and Poesio (2012) .
Another method is to restart the oil and water pumps at the same time at reliable pressure gradient. To restart, a high pressure is needed to shear the oil at the wall. The deformation of the viscous core, which tends to stratify the flow, is very slow compared to the up flow of the oil core in the water. Peysson et al. 2005 have performed an experimental study about the entire restart problem using this sequence. They measured the pressure drop; they also investigated the effects of chemicals (e.g. brines) on pressure drop development during start-up.
Only a very small quantity of data on the pressure drop evolution with time concerning the restart of CAF is available in the open literature (Barbosa et al. 2005; Poesio and Strazza 2007; Bannwart et al. 2007; Strazza and Poesio 2012) . The interest, therefore, in the restarting of a core annular flow from a probably stratified configuration, emanating after shutdown operations for maintenance or due to pump failure, will continue to get more attention in recent times to improve CAF technology.
In this work, the experimental results of the pressure drop trends as a function of time to find when the pipe surface is nearly without oil layer, or at least, when the pressure drops are low enough to restart the oil core annular flow line by flowing water only are first presented. The results are used to develop a realistic correlation of the restart process. Results of the comparisons between experimental data and the new correlations are provided.
Experimental setup and procedure
The section of the 1-inch multiphase flow test rig facility as shown in the schematic of Fig. 3 , located at PSE laboratory in Cranfield University, was used to perform the experiments. The test section setup consists of a flow loop with tanks for water and oil storage, a 5.5-m-long PVC pipe with 26 mm internal diameter, transducers for pressure, temperature and differential pressure measurements, Lab View data acquisition system, Pumps and a Chiller to achieve the desired oil viscosity. Pressure measurements were made through two pressure transducers, 2.21 m apart, located before and after the observation section. The experimental conditions for the shutdown and restart experiments are provided in Table 1 .
The experiment procedures consist of first establishing a stable oil-water core flow in the horizontal test section of the facility by introducing into the pipe, through a 'TJunction' inlet, oil and water with superficial oil and water velocities of 0.4-0.5 m/s and 0.2 m/s, respectively. Both oil and water pumps are turned off and, at the same time, the valves are closed to capture the oil and water in the line. After a certain standstill period, the valves are opened and the water pump turned on at the same time with water flowing at the desired superficial velocity. Data measurements are made for the core annular flow mode, immediately after shutdown and prior to restart for 30 s at sampling rate of 250 Hz. While during the cleaning process, data measurements are collected at sampling rate of 50 Hz until the pressure drop value is almost equal to single-phase water flow. The oil holdup is computed using Oliemans and Ooms (1986) correlation.
Experimental results analyses A summary of the experimental results is presented in Table 2 . Figures 4, 5, 6, 7, 8 and 9 show some of the results of the transient pressure drops for different standstill periods, viscosities, oil holdups and water cleaning superficial velocities.
As can be seen, the drop starts around 5.2-18.4 kPa and decreases to a value near the steady-state pressure drop of single-phase water flow. The pipe was not completely clean, very thin oil film still remains at the top section of the pipe. This is perhaps due to the superficial water velocity used which was insufficient to provide the momentum needed to shear the oil from that section of the pipe. In all cases, the transient behaviour of the pressure drop exhibits a particular trend. It seems to have two major parts: the first, which happens rapidly is due to the bulk shearing of the oil by the water. This occurs in less than a minute and the pressure drops to about 90 % of the initial recorded pressure drop during the restart process. The second part which occurs for a longer time accounts for the pressure drop during the gradual removal of the thin layer Time, s The oil holdups and standstill periods do not appear to have a great influence on the pressure drop evolution. However, the oil viscosities and superficial velocities of the cleaning water seem to significantly affect the pressure drops at the inception of the cleaning process. This may be as a result of the high resistance offered by the trapped oil in the pipe and also the high initial impact between the trapped fluid and the cleaning water with high superficial velocities.
It was really difficult to measure the restart time, however, data recording during the cleaning process were set to be recorded for 1 h, and by monitoring the recording chart of the inlet and outlet pressure signals, the recording process was stopped when the pressure signals were virtually close to pumping water only. As given in Table 2 , restart time, which is the cleaning time required to reach an oil-free pipe condition when only water is introduced in the pipe, ranges from 1650 to 3300 s. Time, s Time, s Time, s 
Correlation formulation
The development of a realistic correlation which can be of practical importance during the engineering design of highviscous oil pipeline transportation facility for predicting restart process is presented as follows.
The correlation is based primarily on the assumption that the pressure drop evolution decreases with incremental volume of water used to completely clean the pipe. This decrease is in two parts (a and b) as earlier observed in the experiments conducted. A dimensional analysis method was adopted to normalize the pressure drop trend considering that Time, s the dynamic properties and the flow behaviour can be different for any CAF line, and the concept can be described by the following functional relation:
Then, a generalized correlation among the dimensionless groups has been formulated by multiple regression analysis using the data from the present experimental results. The details of the dimensional analyses are not described here.
The slopes of the two parts of the pressure drop trends are expressed as follows:
From the analysis we have estimated the values of, Z, Y, t Ã , and DP t Ã ð Þ, and solving for the restart time,Dt, we get:
Other relevant correlations are as follows:
For the first part, a, of the slope, where t\t Ã , the pressure drop trends can be estimated with
For the second part, b, of the slope, where t [ t Ã , the pressure drop trends can be calculated with
The pressure drop, DP w , for the water single-phase flow can be estimated using the standard formula of pressure drop for horizontal pipe: Re ¼ DU sw q w l w ð13Þ
The initial pressure drop, DP i , imposed to the blocked pipe at the inception of the restart process can be estimated using a reliable one-dimensional two-phase liquid-liquid pressure drop model for a stratified flow configuration, and assuming that the oil and water superficial velocities are the same.
A typical example of stratified flow of a two-fluid model for horizontal pipe is
s w ; s o ; s i are the water wall, oil wall and interfacial shear stresses, respectively, while S i ; S o ; S w are the wall-wetted perimeters of the interfacial, oil and water, respectively, and A o ; A w represent the areas of the oil and water phases.
Results comparison between experiments and the new correlation
To examine the predictive capabilities of the new correlations, results comparison between the experimental data and the new correlations for predicting the restart process is performed. The data introduced in the correlations are summarized in Table 3 . Equations 5, 6, 7, 8, 9 were used in the analyses. The new correlation overpredicts the restart time when compared to the experimental data especially those with the lower superficial velocities (0.2 m/s) of the cleaning water. For the 0.6 m/s superficial velocities, the results were quite in agreement with a very slight deviation of ±0.13-11 %. Though the phenomenon involved in the cleaning process is complex and depends upon a lot of several parameters, the significance of the superficial velocities of the cleaning water is quite high as shown in the results obtained. The predicted restart time results using the above-mentioned correlations are also given in Table 3 , along with the data used and percentage error in prediction. New and careful experiments could be conducted to confirm more on the validity of the restart correlations. The error given in Table 3 is the absolute percentage error and is calculated using the following expression:
However, in qualitative terms, the pressure drop trend predictions were in good agreement with the experimental data. This is shown in Figs. 10, 11 , 12, 13 and 14.
Conclusion
The laboratory results of shutdown and restart experiments of high-viscous oil conducted in a 5.5-m-long PVC horizontal pipe with internal diameter of 26 mm has been used to formulate correlations for the prediction of restart process of a core annular flow line. The new correlations overpredict the restart time when compared to the experimental data especially those with the lower superficial velocities (0.2 m/s) of the cleaning water, but for the 0.6 m/s superficial velocities, the results were quite in agreement with a very slight deviation of 6 %. In qualitative terms, the pressure drop evolution predictions were in good agreement with the experimental data. New and careful experiments under various pipe and fluid properties should be conducted to confirm more on the validity of the restart correlations. On a wider application, the predictive capability of the new correlations should be checked with experimental results obtained from different cleaning liquids (enhanced water) other than cold water. We also want to state that the new correlation can be better applied to a cold water restart and to heavy oil with API gravity greater than 10 o .
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
